Nanowires are quasi-one dimensional crystals with a diameter below 100 nm and a length of several microns. A range of physical phenomena arise from their high surfaceto-volume ratio, which makes them interesting objects to study. The ultimate goal is to develop nanowires into building blocks for future nanoscale devices. 1, 2 Au is the first choice as a catalyst for most material systems due to the fact that it can alloy with most precursor materials. 3, 4 However, in recent years, it became clear that the Au has several drawbacks such as a preference for certain facets, 5, 6 unintentional doping, [7] [8] [9] [10] and limitation of the growth through diffusion.
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For technologically relevant applications of catalyst grown nanowires, it is therefore of crucial importance to search for catalyst alternatives. The material class of topological insulators (TIs) sparked intense research in the condensed matter community. [12] [13] [14] [15] [16] [17] Auassisted chemical vapor deposition (CVD) growth of topological insulator nanowires using Au nanoparticles was reported, as well, since the size effect is expected to enhance the electrical properties of a TI. [18] [19] [20] However, the ability to synthesize high quality materials mainly depends on a proper understanding of the growth mechanism. So far, the Au-assisted growth of chalcogenide nanowires has been explained with reference to the vapor-liquid-solid (VLS) model of Si whiskers developed in 1964. [21] [22] [23] [24] [25] [26] This paper addresses two issues: Au contamination and the growth model of chalcogenide nanowires. First, we present a comparison between Au catalyzed nanowire growth and nanowire growth using TiO 2 nanoparticle based catalysts. Au is incorporated into the nanowires as described above. Our key finding is that a special mixture TiO 2 catalyst outperforms Au in terms of material and growth quality. Second, we analyze the growth mechanism for both catalysts based on VLS and solid phase growth with surfactant action, respectively.
The nanowires were synthesized using CVD. Degreased (trichloroethylene, 2-propanol, methanol, deionized (DI) water) Si(100) substrates were functionalized with 0.1% poly-l-lysine solution (PLL) and coated with either a commercial colloidal 5-nm-diameter Au nanoparticle solution (Nanocs) or custom-made water-based TiO 2 or TiO 2 -Au solutions, by applying it to the substrate and quenching with DI water. A solid precursor was placed in the center of a horizontal tube furnace at atmospheric pressure and at a constant N 2 flow rate of 150 standard cubic centimeters (sccm). Prior to growth residual oxygen was removed by pumping and flushing the system with dry nitrogen several times. The furnace was ramped to 600 C over 1 h, then held constant for 1 h, before being allowed to cool down to room temperature over 8 h. The substrates were placed at a location downstream from the precursor where the substrate temperature was 450 C. As-grown samples were analyzed by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). For the transmission electron microscopy (TEM) measurements, nanowires were scraped from the substrate and placed onto a carbon support film on a copper grid. For tapping mode atomic force microscopy (AFM) measurements, the nanowires were transferred onto a clean Si substrate in a frozen drop of deionized water.
Nanowires were grown using conventional Au nanoparticles [TEM image shown in Fig. 1(a) ] and the two polymorphs of TiO 2 , rutile [ Fig. 1(b) ] and anatase [ Fig. 1(c) ]. In order to investigate the dependence on TiO 2 catalyst size, we also studied the growth using high surface area (HSA) anatase nanoparticles [ Fig. 1(d) ]. It is known from photocatalytic experiments that mixed-phase catalysts outperform pure polymorphs. 27 P-25, shown in Fig. 1(e) , is a commercial, mixed-phase TiO 2 powder (Degussa), and well-known as a photocatalyst with very high activity. 28 It consists of the two TiO 2 phases anatase and rutile in a ratio of 3:1, with a small amount of the amorphous phase. 29, 30 Finally, a heterogeneous catalyst combining Au and TiO 2 in a ratio of 1:20 [ Fig. 1(f) ] prepared using the sol-immobilization method 31 was investigated to explore a a)
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 131.251.254.109 On: Wed, 01 Jun potential enhancement of the catalytic activity that is known from, e.g., carbon monoxide oxidation. 32 The two P-25 based catalysts (pure and P-25 supported Au) form smaller clusters of particles, compared to anatase, rutile, and HSA. On the growth substrates the binding agent PLL is used to functionalize the clean surface before the application of the catalyst solution. When growing without PLL we observed the formation of catalyst particle clusters for TiO 2 and a decrease in growth quality for both Au and TiO 2 . This shows that the TiO 2 nanoparticles bind to PLL in a similar way as Au.
In the following, we describe the growth of nanowires for each of the six catalyst types. Length, diameter, and density are determined from SEM scans in top-view and summarized in Table I .
Au catalyzed nanowires (inset), however, overall nanoribbons and nanoplates dominate the growth. For rutile grown nanowires [ Fig. 2(b) ], catalyst particles cover the surface homogeneously with clusters of approximately 0.5-3 lm in diameter forming a visible white layer already when the solution is washed from the substrate. The use of anatase [ Fig. 2(c) ] results in nanowires, many compact clusters and ribbons. Undesired growth products (clusters and nanosheets) are smaller, but more abundant than for rutile. The yield for anatase is higher compared to rutile. Most likely there is a lack of rutile particles with a sufficiently small diameter to grow nanowires due to clustering.
The HSA catalyst results in many small nanowires that grow flat on the surface similar to P-25 as shown in Fig. 2(d) . HSA nanoparticles are only $4 nm in diameter and tend to form catalytically active agglomerations that lead to nanowire growth in a hedgehog-like structure (see inset) with the catalyst in the center.
Type P-25 TiO 2 grown nanowires [ Fig. 2(e) ] have a more uniform length than pure anatase and rutile based nanowires. A detailed TEM study is shown in Fig. 3(b) . Less other nanostructures are grown, since this catalyst mixture does not agglomerate as much as the pure constituents.
A catalyst consisting of 5-nm-diameter Au particles deposited on 20-nm-diameter P-25 was synthesized to investigate a possible enhancement of the catalytic activity as it is known from the decomposition of CO 2 . The growth is characterized by a very homogeneous, plate-dominated growth as shown in Fig. 2(f) . Nanowires protrude from the plates either lying flat on the surface or growing under an angle of 45 . These nanowires are likely catalyzed by individual Au nanoparticles.
The four, purely TiO 2 based catalyst solutions lead to results that have a quality comparable to the Au reference sample in terms of yield and homogeneity. P-25 catalyst mixtures outperform the others in terms of surface coverage and nanowire purity (meaning less secondary nanostructures). The combined TiO 2 supported Au catalyst was not able to result in high density nanowires. However, for all other catalyst solutions, we noticed activated catalyst sites between the larger structures that had grown into nanodots preventing further growth (catalyst "poisoning"). The heterogeneous catalyst hardly shows any such structures. It seems ideally suited for mesa-to-mesa growth of nanowires spanning a gap as required for electrical transport measurements [see inset in Fig. 2(f) ].
The type of the catalyst particle not only affects the nanowire morphology but also their stoichiometry. SEM EDS measurements on as-grown nanowires are summarized in Table II . Au catalyst results in binary Bi 2 Se 3 nanowires, whereas all TiO 2 based catalysts enable the incorporation of Sb. Rutile and anatase grow nanowires with a similar stoichiometry. HSA anatase and P-25 grown nanowires have a much higher Sb concentration. The Se concentration is always higher than expected from the stoichiometry since Se deposits on the surface during the cooling of the furnace.
We now compare the nanowires obtained from Au and P-25 catalyzed growth in greater detail using TEM [see Fig. 3 ]. High resolution TEM micrographs of the nanowire ends (tip and root) show the location of the catalyst particle. Figure 3(a) shows the root and the tip of an Au catalyst grown nanowire. The elemental composition is pure, binary Bi 2 Se 3 without Sb dopants, and the crystalline quality is poor. 5-nm-diameter Au nanoparticle clusters are found that spread along the sidewalls of the nanowire. Se precursor material is detected inside the Au cluster, but no Bi.
The composition of the P-25 grown nanowire in Fig. 3(b) was determined to be (Bi 0.8160.08 Sb 0.1960.10 ) 2 Se 3 using TEM-EDS (20-point average along the wire). No catalyst particle is detected at either end of the nanowire, and the structure is highly crystalline. Along the body of the nanowire Sb is distributed homogeneously, but at the tip pure Sb covers the sidewalls, penetrating the nanowire. The tip shape is slanted towards the Sb rich region.
We discuss our observations in the framework of known models of nanowire growth in order to develop a model for the growth mechanism of chalcogenide nanowires, which is illustrated in Fig. 4 . Au can be described using the VLS mechanism based on the following observations [ Fig. 4(a) ]. First, Au is found to be spread along the nanowire axis. This means, that the catalyst-precursor alloy is liquid during the growth as required by VLS. 33 In VLS growth, the catalyst particle is usually found at the tip of the nanowire and has a spherical shape. 34 Incoming precursor material forms an alloy with the catalyst and saturation followed by nucleation drives the growth. The second observation, that Se, but no Bi is detected in the Au particles, helps to explain the catalyst-precursor C using Au catalyst. The region indicated by dots is a cluster of the initially 5-nm-diameter Au nanoparticles. It was further analyzed using EDS. Color maps show the distribution of the three elements Se, Au, and Bi. Se is found inside the Au cluster, while Bi is not present. (b) Nanowire grown at 450 C using P-25 as a catalyst. The nanowire is free of catalyst particles. An EDS linescan (average shown) does not detect any Ti from the catalyst. The EDS map of the tip shows an Sb concentration gradient from the edge to the center hinting at surfactant action. 4 . Illustration of the growth mechanism for (a) Au and (b) TiO 2 catalyzed nanowires. In case of Au, the precursor alloys with the catalyst nanoparticles. Smaller droplets coalesce into larger ones and the nanowire growth is tip-based. Only a small fraction of the initial Au particle stays at the tip, and a significant amount of Au is remaining on the nanowire surface. In contrast to Au, the precursor is not alloying with TiO 2 and the catalyst stays at the root of the nanowire. Interestingly, the growth is still tip-based. Moreover, Sb is acting as a surfactant and can be found on the sidewall near the tip. interaction in greater detail: Se is provided in excess due to its high vapor pressure. Since the growth temperature is below the eutectic point of an alloy consisting of Bi 2 Se 3 and Au (635 C), no ternary alloy is formed. 35 The binary alloy Au-Se, however, is liquid at the growth temperature (bulk melting point: 425 C). 36 Hence, the presence of Bi is crucial to initiate the nucleation from the precursor-catalyst Se-Au alloy. In a recent publication, we have reported about the nucleation process in the vicinity of Au nanoparticles at an early growth stage of VLS. 37 TiO 2 melts at 1823 C, so the VLS mechanism is not applicable to this system. We know from EDS studies [not shown] and AFM imaging of the nanowire tip 31 that the catalyst particle remains at the root of the nanowire. Therefore, the growth can be described in the framework of solid-phase seeded growth [ Fig. 4(b) ]. 38, 39 It is hard to extract information about the catalyst interaction since the TiO 2 nanoparticles are covered by the grown structures. However, through EDS measurements on catalyst sites that did not yield nanowires we know that the TiO 2 is Se rich, i.e., it accumulates more Se than expected by the 3:2 Se:Bi ratio of Bi 2 Se 3 . This suggests that initially a Se containing liquid is formed on the surface of TiO 2 . The absorption of Bi atoms drives nucleation as in the case of Au above. One-dimensional growth is achieved through Sb surfactant action in the vicinity of the tip. The role of a surfactant in molecular beam epitaxy is to support diffusion of other atoms impinging on the surface. 40, 41 When these adatoms reach a proper site they are incorporated by exchange with a surfactant atom. In our case, Sb passivates the top sidewalls. Adatoms are driven up to the tip of the nanowire, and the nanowire grows layer by layer from the top which results in protrusions and a slanted tip shape. Sb is incorporated during this process. If the surface passivation fails, the tip grows into a flag-like structure (a nanosheet attached to the tip of a nanowire).
In conclusion, different types of catalyst particles were characterized by TEM and used to grow (Bi 1Àx Sb x ) 2 Se 3 nanowires. The nanowires were analyzed using SEM, EDS, TEM, and AFM. It was found that the quality of the nanowires grown using the TiO 2 mixture P-25 outperforms all other catalyst types in terms of substrate coverage, uniformity, and crystalline quality due to reduced coalescence of the particles. P-25 supported the incorporation of Sb with a stoichiometry of Bi 1.81 Sb 0.19 Se 3 . The key finding is that the TiO 2 catalyst P-25 stays well separated from the nanowire enabling contamination free growth. We have thus found and characterized an efficient and economic catalyst for nanowire growth. This opens a research area with the potential to offer exciting perspectives for the entire field of nanowire growth, and, in particular, for topological insulators devices.
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